[ P l a t e s 2-13.] § § 198 and 199. 1 9 8 .
the earth's magnetic force. The reversed effects of the " ons" and " offs," observed after this change, were really augmentations and diminutions of magnetism induced by the earth's vertical force, and were therefore the proper effects for soft iron when subject to a magnetizing force of less than the V illari critical value. Further experimental investigation is necessary to explain the greater amount of effect, the same in kind as those observed before the stretching by 28 lbs., which the wire showed after it had been stretched by this weight.
199. The experiments indicated in my preliminary notice of June 10,1875, were the commencement of an elaborate series of investigations by Mr. Andrew Gray and Mr. Thomas Gray, which have been continued with little intermission from that time until now, and which are still in progress, with the general object of investigating the effects of longitudinal and transverse stress upon the magnetization of different qualities of iron and steel, and of nickel and cobalt. A separate series of investiga tions was made nearly two years ago by Mr. Donald Macfarlane on the effects of torsion on the magnetization of soft iron, bringing out some very remarkable results, also included in this paper ( § § 223-229, below 200. The wire used in these experiments was specially prepared for this investiga tion by Messrs. Richard Johnson and Nephew, Manchester. It was of No. 22 Birmingham wire gauge; its weight per metre was 3*47 grammes, and its diameter was *075 of a centimetre. A steel pianoforte wire of the same gauge would bear about 230 lbs. on and off, without experiencing in consequence any permanent change of quality. This iron wire was so soft that, after it was stretched by a scale-pan weigh ing 1 lb., which thenceforth was kept always hanging on it, an additional weight of 14 lbs. on and off gave a permanent elongation of *4 per cent., and 4 lbs. more gave it a further permanent elongation of 1 *6 per cent, (making in all 2 per cent, of permanent elongation produced by 18 lbs. on and off, the permanent weight of 1 lb. being always on). The weight of 18 lbs. was applied and removed several times on the 14th of May, without producing any more permanent elongation than the 1*6 per cent, which was observed after the first-on and off. During three-quarters of a year after that day no weight of more than 14 lbs. (in addition to the permanent lib.) was ever applied to the wire, and electro-magnetic experiments were made upon it from day to day, with little intermission, with " ons" and " offs" of 14 lbs., but sometimes with 7 lbs. During all this time the length of the wire (about 4 metres) remained sensibly constant for the same weight, and the wire experienced regular elastic elongations and contractions wlien the weights were applied and removed. In some of the experi ments with " ons" and " offs" of 14 lbs., about 90 centims. of the wire were heated to 100° C. by a stream of hot w ater (as described in § 201), b u t this left no per manent change in the wire.
201. The accompanying diagram (I.) shows the arrangem ent of the apparatus by means of which the results were obtained. The wire, W, experimented on was attached to a fixed support near the ceiling of the laboratory, and hung vertically downward, passing along the common axis of the magnetizing and induction coils, F, and was kept stretched by the scale-pan, D, which, as stated above, weighed exactly 1 lb. The coils, F, were supported on a clamp attached to the wire at their lower end, as shown in the drawing ; and thus, as th e length of the induction coil was small compared with the total length of the wire, motion of the wire relatively to the induction coil due to the stretching produced by the applied stress, was in great measure avoided. The magnetizing coil was 86 centims. long, and was composed of two layers of silkcovered copper wire. The inner layer contained 26'7 metres of wire, of No. 23 B.W.G., arranged in a solenoid* of 960 turns, the outer layer, 24'3 metres of No. 20 wire, arranged in a solenoid of 728 turns. The resistance per m etre of these wires was •0673 and *0522 ohm respectively, and the total resistance of the coil after it was wound was 3d34 ohms. The total length of the induction coil, which was contained within the magnetizing coil, was 31 '5 centims. I t was made up of two layers of silkcovered copper wire, of No. 29 B.W.G., laid on in 1439 turns. The wire thus coiled on was 10 metres long, and had a resistance of '184 ohm per metre, and the total resistance of the coil, including 1 metre of electrodes, was 2'204 ohms.
The magnetizing coil was wound on the outside of a compound tube, made up of two tubes of thin brass, of different diameters, placed one w ithin the other w ith their axes coincident, the external diameter of the inner tube being less than the internal dia meter of the outer by about 3 millims. The induction coil, which was wound on a thin copper tube ju st fitting the wire experimented on, was enclosed within the inner brass tube in such a position th a t its ends were a t equal distances from the extremities of the magnetizing coil. The space between the two brass tubes formed a channel
The common use of the word " helix " in th is sense is u tte rly illogical. The idea of helix is no t essential, but accidental, and in no practical case is it of any consequence w hether it is a rig h t-h an d ed or a lefthanded helix. There is n o thing of helical quality in a cylindrical tube composed of two m etals in two parts of its circumference, w ith the junctions of these m etals k ep t a t unequal tem peratures. The therm o electric current round the circum ference of th e solenoid produces the k ind of m agnetizing influence which is commonly produced by a helix, and constitutes precisely th e arran g em en t w hich A mpere called a solenoid. I t is only because the ordinary helix, w ith electric c u rre n t flowing th ro u g h it, produces more or less approxim ately (very approxim ately indeed in th e case of a helix w ith m any tu rn s ) the same effect, th a t it is available for the electro-m agnetic uses. I t seems desirable, therefore, to tak e advantage of A mpere's original word " solenoid," and, except in cases in w hich the helical quality is tak e n into account, to give up the name " helix." The electro-m agnetic solenoid m ay also be called a bar eleetro-m ugnet without soft iron core.
through which water could be made to flow from the cistern B, and thus, by regu lation of the temperature of the water in B, the part of the wire within the magnetizing coil could be kept at any temperature from about 10° to nearly 100° C.
202. In order that the elongation and contractions produced in the wire by the applications and removals of the pulling stress might be observed, a second wire was hung from the same support, and kept stretched by two 28 lb. weights, hung from the ends of the cross-bar, E. To this wire a scale of half a millim. was vertically attached, in such a position that a pointer fixed to the magnetizing coil moved along it as the coil moved downward or upward with the application or removal of the weight.
203. The electrodes of the magnetizing coil were connected with the studs 3 and 4 of the commutator, K. One of the other pair of studs was connected with the zinc pole of a battery of my tray Daniells, the other stud with the sliding piece of a resistance-slide, B. This slide was designed for the purpose of allowing the battery strength to be raised continuously from 0 to nearly 1 cell, and from 1 cell to nearly 2 cells, and so on. I t consisted of a contact-making slider, S, movable along a bare copper wire connecting the two poles of the cell to be sub-divided. This wire, which was 64 metres in length, and had a resistance of 0'67 ohm, was stretched for convenience alternately from one side to the other of a large board, in the manner represented in the diagram. Thus, with the number of cells and arrangement of connexions figured in the diagram, when the slider was brought up as nearly as possible to C, the current flowing was very nearly that due to 3 cells, and when the slider made contact at any other point of the wire, the current flowing through the magnetizing coil was less than that due to 3 cells by an amount depending on the distance along the wire of the slider from C.
204. A galvanometer, the resistance of which was only a very small fraction of an ohm, was used to measure the strength of the magnetizing current, and was so placed in the circuit that the current always flowed through it in the same direction : thus the whole range of the galvanometer scale was available for measuring the deflections produced by the stronger currents used, without the necessity for shifting the zero of the scale by means of a magnet. In these experiments at first the battery galvano meter was placed for convenience in the circuit between the commutator K and the coils F, and a reversing key used to keep the current through it always in the same direction, but it was afterwards transferred to the position in the circuit shown in the diagram and the reversing key dispensed with. The deflections of the needle of this galvanometer were read on a scale of half millimetres placed at a distance of 75 centims. from the mirror, and were used as the values of the magnetizing forces for the abscissas of the curves below. The total resistance in the circuit of the magne tizing coil, which was measured from time to time in the course of the experiments, and showed little or.no variation, was 3'828 ohms. The induction coil was placed in circuit with an astatic galvanometer (described in Part VI., § 181, and called in that paper the ballistic galvanometer), the " th ro w " of which, as observed on a scale placed 120 centims., or 2400 of its own divisions, from the mirror, measured the strength of the induced current. This galvanometer was placed w ithin a case of thin sheet coppery and the whole enclosed w ithin a glass bell ja r to guard it from the effects of currents of air.
205. The procedure in experimenting was similar to th a t described in P a rt VI., § 186 (Trans, for 1876, p. 697). One observer took the readings of the ballistic galvanometer, and made and broke the circuit of the magnetizing c u rre n t; while a second, on word of command from the first, applied or removed the weight, and noted the elongations or contractions of the wire, as shown by th e pointer and scale described above. The results were entered in the register on the system followed in my previous experiments, according to which -j-M denoted th a t the current was made in such a direction as to cause the image on the scale of the ballistic galvanometer to move towards the right or towards increasing num bers; -M, th a t the current was made in the contrary direction ; B, th a t the current was sto p p ed ; Z, the zero of the ballistic galvanometer scale; " On," the application of the w eight; and " Off," its removal. The polarity of the magnetization produced in the wire by -j-M was the same as th a t shown by the wire when under the influence alone of the vertical component of the earth's magnetic force ; and consequently a deflection of the image on the scale of the ballistic galvano meter towards the right, produced by a change in the magnetic condition of the wire after it had been, thus magnetized, indicated an increase of its magnetization, and a deflection to the left a diminution of its magnetization. This magnetization produced by -j-M, I shall call positive magnetization, and th a t produced by -M negative magnetization. Hence a deflection of the ballistic image towards the right indicates an increase of positive magnetization, and a deflection towards the left, a diminution of positive, or an increase of negative, magnetization.
206. The conclusions of the preliminary notice of June 17, 1876, and the sta te ments of § 198, are proved by the following table of results obtained by a very careful repetition of the experiments referred to in th a t notice. The first column of results in the table gives the operations in the order in which they were perform ed; the second, the deflections of the image on the scale of the ballistic galvanometer obtained after each operation; and the third column gives the battery strengths. D uring the whole of the experiments cold w ater was kept flowing from the cistern B through the channel between the coils to the vessel H , to prevent any heating of the coils and wire by the passage of the magnetizing current. The amount of the elongation and contraction of the wire by the application and removal of the weight of 14 lbs. was constant throughout the experiments. The experiment was begun with zero current in each case, and the weight of 14 lbs. applied and removed until equal and opposite effects were obtained by on and off; and the same process was followed after each augmentation of the magnetizing current. The table contains for each step only the results obtained after this state had been reached. 
207.
We see from the above table that the vertical component of the magnetizing force of the earth is balanced by an opposite magnetizing force due to a current measured by 11 divisions of the battery galvanometer, or about -2 -5 -of the Villari critical value of the magnetizing force, with 14 lbs. " off" and " on."
If now a Daniell's cell be taken as one volt, or 108 on the C. G. S. system of units, we have for the magnetizing force of 1 cell estimated in the manner explained above Table I . were obtained, the experiments were repeated with the water in the cistern B kept constantly at the temperature of 100° C. Thus the water flowing through the channel between the coils may be considered as having been nearly at the boiling point. The results are given in Table II. T a b l e II.-Temperature 100° C. 
209.
For convenience of comparison, the results given in the above tables are repre sented graphically by the accompanying curves (Diagrams II. and III.) , in which the abscissas represent magnetizing forces, and the ordinates augmentations and diminu tions of the magnetism of the wire. In Diagram II., a separate curve is given for -j-M and -M, at both temperatures; the curves for the higher temperature being drawn in full lines, and those for the lower temperature in dotted lines. In their general features they are similar to the curves given in the preliminary notice above referred t o ; but they include a more exact determination of the amount of the magnetizing force which gives maximum effect in each case, and of the points in which the curves cut the line of abscissas, and hence of the relation between the magnetizing force of the earth and the Villari critical value. The magnetizing force for which 14 lbs. " on" or " off" gave maximum effect was now found for the same wire to be about four or five times, and the Villari critical value about twenty-three times, the vertical component of the earth's magnetic force at Glasgow. These results also disprove the negative maximum indicated by the curves of that notice, and show (as there stated in the Note at the end) that for higher magnetizing forces than the Vjllari critical value, the effect approaches a constant amount and the curves become asymptotic.
210. The curves in Diagram III. were drawn by taking for ordinates the mean for each temperature of the effect for +M , and the effect for -M, of 14 lbs. "on" or " off," and for abscissas the corresponding current strengths, and therefore show approximately the effect which would have been produced by " on " or " off," had the wire not been affected by the magnetizing force of the earth.
By comparing the curve for cold water with the curve for hot water, we see that when the wire is at the temperature of 100° C., the average maximum effect of "on" or " off " is less than at the ordinary temperature of cold water by about 8 per cent, of the effect in the latter case, and that also, when the Villari critical value has been exceeded, the constant value to which the effect of " on " or " off " approaches is less for the higher temperature than for the lower, but in this case by about 30 per cent, of the amount of the effect for the lower temperature. The two curves also cross one another at a point above the line of abscissas, thus showing a greater critical value of the magnetizing force for the higher temperature than for the lower.
211. The curves of Diagrams IV. and V. give at both temperatures the average for each strength of magnetizing current of the effects on -}-M and -M of applying and removing stresses of 7 lbs. and 21 lbs. respectively.
A comparison of these curves with the average curves for 14 lbs. "on" and " off" (II. above) shows-(1.) That the effect at both temperatures of the application and removal of the stress is greater with 14 lbs. than with 7 lbs., and much greater with 21 lbs. than with 14 lbs.; the maximums at the ordinary temperature in these three cases being respec tively 31, 35, and 54.
(2.) That the Villari critical value is much greater for 7 lbs. "on" and "off" than for 14 lbs. : and, though by a smaller difference, greater for 21 lbs. than for 14 lbs.
(3.) The difference between the maximum effects of " on" or " off" for the high and low temperatures is greater for 7 lbs. than for either 14 lbs. or 21 lbs., and seems to be greater for 21 lbs. than for 14 lbs.
212. A series of observations of the effects of alternately making and breaking the circuit of the magnetizing coil and battery were made at both temperatures and for both +M and -M. The method of procedure was as followsWith no current flowing, a weight of 14 lbs. was placed in the scale-pan? and removed ten times in rapid succession, and the wire finally left w ith only the per manent weight of 1 lb. hanging on it. Then beginning w ith -f-M, a magnetizing current of small amount was applied, and the effect measured by the " throw of the ballistic galvanometer. The w eight of 14 lbs. was then applied and removed ten times in succession, the circuit broken with nothing b u t th e perm anent weight of 1 lb. hanging on the wire, and the deflection of the ballistic galvanometer again noted. The same cycle of operations was then repeated for higher and higher strengths of current until ten cells were placed in circuit w ith the magnetizing coil. The same process was then followed w ith th e -M. These experiments were repeated also a t both tem peratures w ith 21 lbs. as the weight applied and removed ten times before each operation. Curves (1), of Diagrams VI., exhibit the results for 14 lbs., and curves (2) those for 21 lbs.
A very striking feature of these results is the great excess of th e deflection pro duced by -M over the deflection produced by fl-M. I t cannot but be due to the terrestrially-induced magnetism existing in the wire each time before the current is made in either direction.
Comparing the results for the ordinary tem perature w ith those for 100° C., we see th a t the effect a t the higher tem perature is always considerably less th an at the lower tem perature. Thus, taking the 21 lb. curves Y I. (2), the deflection after -M w ith the greatest magnetizing force is 320 for the lower tem perature, and about 250, or 22 per cent, less, for the higher, and for th e same magnetizing force the other deflections are less at the higher tem perature than a t the lower, in nearly the same proportion.
213. Immediately after the results for the tem perature 1 00° C., shown in curves (2), had been obtained, an experiment was made to determ ine the amount by which (as stated in the Preliminary Notice of Ju n e 10, 1875, § 7) the effects of making and breaking the circuit of the magnetizing coil and b attery when the wire is pulled exceed the effects of the same operations when the wire is free from pull. The process was the same as th a t described in § 212, except th a t after each ten " ons " and " offs " the weight of 21 lbs. was put on and left in the scale-pan and the circuit made or broken before it was again removed. The experiment was made at only one tem perature, 100° C. The results are given in the curves YI. (3).
A full examination of the results shown in these Diagrams Y I. (1), (2), (3), must be reserved for a later communication ; and further experiments will be necessary to elucidate them. Meantime it is interesting to see by comparing the curves of YI. (3) with the curves of YI. (2) for the same tem perature (100°), th a t the effect of the -M is greater w ith the pulled than w ith the unpulled wire for every degree of magnetizing force ; while the effect of the -|-M is greater in the pulled wire for magnetizing forces less than 250, and greater in the unpulled wire for magnetizing forces exceeding 250. This was to be expected from the previously proved ( § § 209, 210) greater magnetic susceptibility in the pulled than in the unpulled wire, when the magnetizing force is less than a critical value of 280 or 290 ; and greater susceptibility in the unpulled than in the pulled wire when the magnetizing force exceeds the critical value; and from the fact that the difference in one direction of the suscep tibilities in the pulled and the unpulled wire when the magnetizing force is the Glasgow vertical force, is about three times as much as the difference in the other direction when the magnetizing force is 80 times the Glasgow vertical force. The effect of the -M includes a reversal of the natural vertical force. That of the + M is merely an addition to it. § § 214-222..
Preliminary investigation by the direct Magnetometric Method of the effects of transverse stress on the Magnetization o f an Iron Tube.
214. In order to test qualitatively, in the first instance, the effects of transverse stress on the magnetization of iron, experiments were made oil a smooth gun-barrel, said to be made of tolerably soft iron. The barrel was fitted at its muzzle with a piston working watertightly in a Bramah stuffing-box, and served round with a magnetizing coil of silk-covered copper wire, separated from the barrel by a copper tube, and con taining within it an induction coil, in order that the ballistic method might be used if this was deemed advisable. The barrel was then fixed rigidly to a stone pier in the laboratory, with its breech end resting on a large block of stone which formed the base of the pier. On a shelf, also attached to the pier, and at a convenient distance due magnetic west of the barrel's axis, a small reflecting magnetometer was placed, with its needle on a level with the top of the barrel. A dead-beat galvanometer, the resistance of which was only a small fraction of an ohm, was used to measure the magnetizing current. The barrel having been filled with water was subjected to hydrostatic pressure, applied by means of a lever carrying a weight, the lever itself being counterpoised by a weight attached to a cord passing over a pulley above. The pressure (the friction of the piston in its collar being neglected) was measured by the amount of the applied weight and the multiplication of the lever. The effects of the application and removal of the pressure were measured by the deflections of the galvanometer needle, read on a scale of half millimetres, placed at a distance of one metre from the mirror.
215. The first experiments after the apparatus had been got into working order brought out the remarkable result that the effects of transverse stress on the magneti zation of iron are, as to quality, the opposite of those of longitudinal stress ; that is to say, when the magnetizing force is less than a certain critical value, the effect of applying transverse stress is to diminish, and of removing it to increase, the induced magnetization ; and when this critical value has been exceeded, the effect of the application of transverse stress is to increase, and of its removal to diminish the induced magnetization.
The curves (1) of Diagram VII. show (after the manner of Diagram II. above) the effect for both + M and -M on the magnetometer needle, when placed on a level with th e top of th e barrel, produced by applying a transverse outw ard pressure of (approxim ately) 1000 lbs. per square inch to th e iron of th e barrel. The ordinates are given in divisions of th e m agnetom eter scale, and th e abscissas in divisions of th e scale of th e b a tte ry galvanom eter. I t is in te re stin g to note th a t th e critical value of th e m agnetism is for th is position of th e m agnetom eter nearly 80 tim es th e vertical component of th e e a rth 's m agnetic force a t Glasgow.
216. By placing th e m agnetom eter a t low er levels relatively to th e barrel, it was found th a t th e values of th e c u rre n t required for m axim um an d for zero effect, by " on " and " off," were less th e n earer th e level of th e m agnetom eter needle was to th e m iddle of th e len g th of th e bar. The following tab le shows th e principal effects for -M a t four different levels of th e m agnetom eter needle :-Distance* of top of barrel above level of magneto meter needle.
Maximum deflec tion before critical value was reached.
Magnetizing current for maximum deflection.
Critical value of magnetizing current.
Centims. The whole of the results for the -M in the last three c|tses are given in curves (2) of Diagram V II.
217. The magnetometer needle was placed on a level with the top of the barrel, and at a distance of two metres from its axis. Experiments were then made to find the total magnetization produced by different strengths of magnetizing current, and the effects on it of ten successive applications and removals, while the current was still flowing, of a hydrostatic pressure of 1000 lbs. per square inch; also to find the total residual magnetism after the removal of the magnetizing current, when the tube was left solely under the influence of the earth's vertical magnetic force, and the effect on it of ten successive applications and removals of the same hydrostatic pressure, while the bar was still under this magnetizing influence. The general character of the results of these experiments is difficult to describe in words, but can be seen by inspecting Diagram V III., in which the curves marked A show the total magnetiza tion, those marked B the residual magnetization. The abscissas of these curves are proportional to the magnetizing forces and the ordinates to the observed magnetization: but they have inadvertently been so drawn th a t their negative ordinates show magneti zation of the same polarity to th at produced by the inductive influence of the earth's vertical force, and their positive ordinates magnetization of the opposite polarity. The full lines in each set of curves show the magnetization before, the dotted lines after, ten " ons" a " offs" of and pressure of 1000 lbs. per square inch. The results in these experiments were obtained by beginning with a negative ( ., opposed to magnetizing force of earth) magnetizing current of about 700 divisions of the battery galvanometer scale, which was gradually diminished to zero and then increased until a positive current of 700 (20 cells) divisions was reached. Th was then exactly reversed. The results may be examined in the order in which they were obtained, by beginning at the left hand ends of the curves A and B, and passing to the right along the thinner lines, returning to the left along the thicker lines.
218. The magnetometer was found in this position to be at too great a distance from the barrel to show the residual magnetism with accuracy, and accordingly its distance from the barrel was reduced to one metre, and the effects of residual magnetism alone observed. These are shown by curves marked B' of Diagram VIIT. The method and order of experimenting were here the same as described in § 217 ; and the explanation of Diagram VIII., curves B, applies also to Diagram VIII'., except that in the latter the directions of the ordinates are reversed from the former; thus in VHT. positive ordinates indicate positive magnetization, negative ordinates negative magnetization (see § 205).
219. Beginning at the extreme left of curves marked B' on Diagram VIIT., and following the arrows, it will be seen that the residual magnetism remains nearly constant in amount until the magnetizing current has been diminished to about 300 divisions, when it begins to take a greater negative value, and continues to do so until the current is brought dowji to 50 divisions, when it begins slowly to diminish. After the reversal of the current the full residual magnetism diminishes with great rapidity, passing through zero at about 15 divisions of positive current. I t then becomes positive, preserving nearly the same rapidity of change for some distance beyond zero. After a positive current of 150 divisions is reached, the full residual magnetism increases very slowly, and the curve becomes asymptotic towards a value of about 440. The curve showing the residual magnetism after ten " ons " and " offs " has similar charac teristics to those for the full residual magnetism ; the increase on the left side of zero at about 300 divisions of negative current is, however, more decided.
The general character of the return curves is similar to that just described. It is to be remarked, however, that the zero of current in each of them is much further passed before the zero of magnetization is reached. This difference between the going and returning curves would be done away with, and the curves from left to right and right to left in the diagram would be perfectly symmetrical about the zero of magne tizing current, if the influence of the earth's magnetic force were eliminated. I intend to return to this subject with a modification of the experimental arrangements, to allow the residual magnetism to be observed unaffected by any influence due to magnetizing force in the direction of the length of the tube ; instead of as here with the tube always under the magnetizing action of the vertical component of the earth's magnetic force, when the electro-magnetic current is not flowing.
The curves, except in the positions corresponding to zero of current, show that the ten " ons " and " offs w were not sufficient to shake out the effect of the powerful magnetizing force of the current, and allow the barrel to take the magnetization due to the vertical component of the terrestrial magnetic force. Indeed, they only diminished the residual magnetism in the curves both from left to right and from right to left by about 100 divisions, out of total residuals from 230 to 440. I t is interesting to see by contrasting the right hand ends of the curves w ith the left hand ends, how much stronger the residual magnetism is when helped, than when opposed by the vertical magnetic force of the earth. 220. Comparison between the results of the effects of longitudinal and transverse pull shows th a t an aeolotropic property of different magnetic inductive susceptibility in different directions is temporarily developed in soft iron by aeolotropic stress (th at is to say by stress not consisting of positive or negative pressure equal in all directions). The results show th a t w ith low m agnetizing forces, negative pressure perpendicular to one set of parallel planes of soft iron produces an augm entation of magnetic suscepti bility in the direction of the pressure and diminution of the susceptibility in all directions at right angles to it.
The effects of positive pressure have not yet been tested experimentally, b ut it is certain th a t they will be opposite to the effects of negative pressure. Independently of experiment, we may also infer th a t the effects of infinitely small positive pressure perpendicular to one set of parallel planes, and infinitely small negative pressure of equal am ount perpendicular to a set of parallel planes at right angles to them, m ust be equal and opposite in the directions of these pressures, and therefore m ust leave the magnetic susceptibility unaltered in the directions inclined 45° to them. This is exactly the stress which is experienced in a twisted wire of circular section ; the am ount of the stress being zero in the axis of the wire, and being elsewhere in simple proportion to distance from the axis. The directions of the positive and negative pressures at any point of the substance are two lines in the tangent plane of the cylindric surface through it, co-axal with the boundary of the wire, and inclined at 45° to the normal plane section. Hence, when the torsion is infinitely small, the magnetic susceptibility of the wire in the direction of its length m ust be unaltered, and if finite amounts of torsion produce any change in the magnetic susceptibility, the am ount of this change m ust ulti mately (for very small torsions) vary inversely as the square of the amount of torsion, as we see by remarking th a t whatever effect is produced m ust be independent of the direction of the torsion, there being nothing of helicoidal quality in longitudinal magnetization.
221. In W iedem ann's ' Galvanismus ' (vol. II., § § 476-498) an abstract is given of researches in this subject by Matteucci, W ertheim and E dmund B ecquerel.* One main result of all these investigations is th a t torsion in either direction diminishes the temporary inductive longitudinal magnetization of soft iron.
222. Nearly two years ago I instituted a series of experiments on the subject piece, AD, about 5 metres in length, was attached to the ceiling of the room with an arrangement for raising or lowering it through a small space, the lower piece, BC, about 50 centims., had attached to its lower end a scale-pan for holding the stretching weight.
E is a small mirror magnetometer, the mirror being 1 centim. diameter, carrying a magnet 8 millims. in length and suspended at N by a single silk fibre 10 centims. long; and I a lens close to the mirror; F is a paraffin lamp; and GH a scale (bent into a circular arc of which E is the centre), on which is formed the image of a fine wire placed in front of the lamp flame, at E. L and M are two edges at right angles to one another, fixed to the stand carrying the magnetometer, and just in contact with the wire : their use is to make sure that the wire is maintained in the same position relatively to the centre of the magnet.
K is an arm soldered to the copper wire, BC, for applying torsion to the wire, and immediately below it is a circle divided at intervals of 45° 20', with small holes at each division for inserting pegs to keep the arm twisted at any angle while readings are being taken.
A similar arm was soldered to the copper wire AD at O, the two ends of which were in contact with two vertical guides, thus confining the twist to the portion of wire between K and O.
The distance of the wire from the centre of the magnetometer needle was 8*2 centims.; distance of scale from mirror, 157 centims.; one division of scale 0*5 millim.
The experiments represented in the Diagrams No. X. to No. XXIX. were made in this w ay:-Having removed the wire to a distance from the magnetometer, the zero reading of the latter was taken; the wire was placed in position, a stretching weight put in the scale-pan, and the reading on the torsion-circle noted when the wire was free from torsive stress; torsion was then applied by turning the lower end of the wire 20° at a time up to 320°, and the reading on the magnetometer scale at each step taken.
Similarly, readings of the deflection were taken as the torsion was taken out, and then continued in the opposite direction as far as -200° and back to the original starting point. A t the end of each of the first seven series the weight was taken off and put on again.
The results are represented in the accompanying diagrams of curves Nos. X. to XXIX. In each diagram the numbers a t the side indicate the readings on the magnetometer scale, and those at the bottom the readings on the torsion circle, a cross ( X ) marks the positions where the couple of torsion was zero, b the beginning, and e the end of each experiment.
224 From the curves it will be seen th a t the amount of the effect of torsion in diminishing the magnetization is not greatly influenced by the differences of pull from 10 lbs. to 20 lbs., but th a t it is greatly diminished by increase of the pull above 20 lbs. For simplicity and uniformity in the comparison, take the amount of the diminution of magnetization by the first application of torsion in the direction called negative, from the whole range of from + 5 0° to -200° on the scale of torsion (abscissas of the curves).
We find with pulls of from 10 lbs. to 20 lbs. various amounts of from 180 to 230 magnetometer scale divisions. The seemingly irregular differences between these amounts showed no regular dependence on the amount of pull, but seemed rather to depend upon previous conditions of the wire. B ut when the weight exceeded 20 lbs. there seemed a somewhat regular diminution in the effect of torsion with increase of pull, as shown in the following 226. One very interesting feature common to all the diagrams, and presented even to some degree by the exceptional ones 9,10,12, and 14, shows that the effect of twisting the wire first in one direction and then in the other, and leaving it free from torsive force, was in every case to leave it with less magnetization than it had at the beginning.
227. These exceptional diagrams and later continuation of the operations through a second positive torsion and a second negative torsion, represented in the latter halves of the curves of Diagrams XXIV. to XXIX., show what would be the general character of the effect of continued periodic applications of positive and negative torsion, through equal angles on the two sides of zero.
In every case there is a lagging of quality, showing a residue of effect from pre viously acting causes. Thus, beginning with a wire which has been reduced to a normal condition by having had the weight off and on, and having been left to itself for twenty-four hours, we found on the 24th of August that the magnetization fell from a normal value of 685 down to 550 as the result of twisting it to +260,° then to -260, and then to zero of torsion. The second application of positive and negative torsion reduced the magnetization further to 534. It is curious to find that not merely does torsion diminish the magnetization temporarily, but that it leaves so large a permanent diminution. Whether this permanence is absolute in respect to time or not is an interesting question to be solved by leaving a wire which has been thus dealt with absolutely quiescent from day to day, month to month, year to year, century to century. I t seems, however, that but slight mechanical disturbance suffices to shake out the diminution of magnetization left at the end of each of these experiments.
228. The general lagging of effect is shown by the fact that in every ascending branch the curve is lower than in the immediately previous descending branch; and the dotted latter halves of the long curves of the Diagrams XXIV. to XXIX. show, by the intersections of their convex portions near the zero, that if the experiment was continued long enough, the history of the variation of magnetization would in every case be represented by a curve like that in the annexed sketch.
229.
A very interesting discovery of W iedem ann's (' Galvanismus,' § §491 and 49 8), at first sight, seemed to find its explanation in the aeolotropic difference of magnetic susceptibility which I have found to be induced by aeolotrcpic stress in soft iron. The phenomenon consists in the development of longitudinal magnetization by twisting a wire through which a magnetic galvanic current is maintained longitudinally. The annexed double diagram, copied from W iedem ann's book,* describes the change of
ideal magnetic molecules which would represent the actually observed effect, which is that the end of the wire by which the current enters becomes a true north pole when the tw ist given to it is right-handed (or th a t of an ordinary screw). If this effect were due to greater susceptibility in one direction than in another, the direction of greatest susceptibility would be the direction sloping at 45°, upwards to the right in the front of the right-hand diagram ; th a t is to say, it would be the direction of positive pull in the stressed material. B ut the exceedingly intense magnetization by influence of circular lines of force round the cylinder, produced by currents of such strength as W iedemann may be supposed to have used, m ust in all probability have been above the critical degree of magnetization at which the effect of pull becomes reversed, and therefore in all probability the direction of least susceptibility in the actual circum stances must have been th a t of positive pull. Hence, it seems almost impossible to admit the explanation of W iedem ann's result by aeolotropic magnetic susceptibility in the circumstances.t The true explanation is not easily conjectured : for another cause, also adverse to W iedemann's result, is operative. The electric conductivity of the iron is probably least in the direction of the positive pull and greatest in the direction of the negative pull in the stressed material.J This aeolotropic quality in # I have altered the letters n and s of W iedemann's hook to G ilbert's old wholesome rule of p u ttin g n to represent tru e northern polarity, or the polarity of the same nam e as th a t of the e a rth 's northern regions, and sim ilarly s to represent tru e southern polarity.
t This experiment has been repeated for me since the com m unication of this instalm ent to the Royal Society, by Mr. Macfarlane, w ith currents, not h ith erto m easured or estim ated in absolute measure, b u t strong enough to greatly heat the iron wire. The result was always the same as W iedemann's, and was greatest w ith the strongest current used. respect to electric conductivity would cause the electric current, instead of Rowing rectilineally along the wire, to flow in left-handedly helical lines in the case represented in fig. 2 , and thus the central parts of the iron cylinder would become really magnetized by, as it were, an ordinary helix, but with very steep thread. The effect of such a helix is the same as that of a true solenoid superimposed upon a rectilineal current through the wire, and the direction of the current in the supposed circumstances is such that it would give a true south pole at the upper end of the iron rod in fig. 2 . [Note added July 8, 1879.-A qualitative analysis of one of Mr. W harton's nickel bars, performed in the Chemical Laboratory of Glasgow University, by Mr. Donald Mackenzie, showed that the bar was not of absolutely pure nickel, but contained some carbonaceous matter and also a trace of iron. The amount of the latter, how ever, was very Small, and probably could not vitiate to any sensible degree the results of the experiments described below.]
The apparatus used in the preliminary experiments and its arrangement are shown in the annexed diagram (XXX.). Each end of the rod experimented on was inserted into a ferule-shaped clamp, C (shown also detached in plan and elevation), the outer surface of which was conical and screw-threaded.
The clamp, which had in it three longitudinal slits, was then, by means of a conical nut working round it, made to grasp the rod tightly enough to admit of the application of great amounts of longitudinal pull, without much danger of pulling the clamps away from the rod. One of the clamps was then hung from a pin in a strong cross beam of a frame, so that the bar hung vertically downwards.
A rope, It, made of copper wire, connected the other clamp with a point near the end of a long heavy lever, turning on a fulcrum at that end formed by a knife edge pressing upwards against a brass plate, which formed a bridge between two strong and rigid uprights attached to the floor of the room. A heavy weight of lead was hung on the lever, and could be slided along it to give different amounts of stress. The lever was graduated, and the effect of its own weight was measured, so that the stress applied at any time could be at once read off When the bar was in position but not under stress, the lever rested on a support high enough to allow the wire rope It to be slack, and was gently removed from this support when the pulling stress was applied.
The effects of the various operations were measured by the deflections of the image on the scale of a reflecting magnetometer, M, the needle of which was on a level with the lower end of the bar, and at a distance due magnetic west from its axis of 12 centims. The scale of the magnetometer was at a distance of 135 centims. from the needle.
231. In these preliminary experiments the bars were under the influence of no magnetizing force except that of the vertical component of the earth's magnetic force at Glasgow. In order th a t the results obtained with the bars of nickel and cobalt might be readily compared with those obtained from iron in the same circumstances, the experiment was first performed on a bar of tolerably soft iron, of nearly the same dimensions as those of the bar of nickel or cobalt experimented on. The actual results of a set of these experiments are given in the following tables. Table I. contains the results of an experiment on an iron bar 60 centims. long and *8 of a centim. in diameter, and Tables II. and III. the results respectively of two similar experiments performed immediately afterwards, one on a bar of wrought nickel and the other on a bar of cast cobalt. The total magnetization is reckoned positive when its polarity is the same as th a t produced by the inductive effect of the earth's magnetic force, and negative when its polarity is of the opposite kind. 
232.
In Table I . it is stated th a t when the iron bar was placed in position the image on the scale of the magnetometer was driven off the scale in the negative direction. A controlling magnet, 15 centims. long, placed a t right angles to the magnetic meridian in a horizontal line passing through the centre of the needle, was used to bring the image to the division 769 on the scale. W hen the nearer end of this magnet was at a distance of 23 centims. from the needle, the image rested at the division 323 on the scale, and when the m agnet was brought 6 centims. nearer to the needle, at the division 773 on the scale. Hence, taking the tangent of the angle of deflection as equal to the angle itself, we may reckon the deflection caused by bringing the iron bar of Table I . into position as 1369 scale divisions, which may be taken as measuring the magnetism of the bar.'* This increased during twelve successive * The m ethod of calculation is as follow s:-L et A denote th e deflection produced by placing the b ar in position; D and D' the readings w ith the controlling m agnet introduced, w ith its centre a t the distances r and r' from th e m a g n e t; a th e half len g th of th e m a g n e t; and JB a constant depending on the con trolling m a g n e t; then we have, O '3-a 3) 3 Elim inating B betw een these tw o equations, and solving for A we get A _ P + P ' D -D ' r ( r '3-u3) 3 + r '( r 3-a3) 3 2 2 r (F 3-a3) 3-r (r 2 -a2) 2 By taking for a the virtual half length of th e m agnet or the distance of either pole from the centre applications and removals of a pulling stress of 174 lbs. to about 1470 scale divisions, when the bar was found to have been brought to a nearly permanent condition; and the average effect of applying this stress was to increase the magnetism by 16 divisions, and of removing the stress to diminish the magnetism by the same amount. The magnetism of the bar further increased during 11 successive appli cations and removals of a pull of 259 lbs. to 1568 scale divisions, and the average effect of applying and removing the pull was to increase and diminish the magnetism by 28 scale divisions. After 11 applications and removals of a stress of 325 lbs. the magnetism was found to have increased to 1664 divisions; and the average effect of " on " and " off" was found to be an increase and diminution of 45 divisions. 233. Passing now to the nickel bar of Table II ., we see that when the bar was placed in position it showed 10 divisions of positive magnetism (or magnetism of the same polarity as that induced by the earth). The application of 146 lbs. of pull gave it 29 divisions, and the removal of this pull 10 divisions additional magnetism, that is, both " on " and " off" increased the magnetism. A second application of the pull gave a diminution of 5, and removal an increase of 6 divisions. The remainder of the procedure was similar to that followed in the case of the soft iron, and with the exception of the first result after the bar was placed in the clamps, the effect of " on " was always to diminish the magnetism of the bar, and of " off" to increase it.
After the bar was placed in the clamps the effect of the successive operations was on the whole to gradually augment the total magnetization of the bar from the value 10 to the value 155, at which it stood when the experiment was concluded.
234. From Table III . we see that the bar of cast cobalt, when placed in position, had its true north pole down, and gave a deflection of 392 divisions. Ten " ons " and " offs" with 136 lbs. diminished this deflection by 85 divisions. The effect of " on" was then to increase the magnetism by 15 divisions, and of " off" to diminish it by the same amount; that is to say, " on " increased the magnetism of the bar, " off " diminished it. A few blows of a mallet reversed this magnetism, and caused the bar to give a deflection of 90 divisions in the opposite direction. The effect of " on " was, as with the nickel bar, to diminish the magnetism, and of " off " to increase it, the effect of 146 lbs. being 25 divisions of the magnetometer scale, of 174 lbs. 29 divisions. The bar broke before the effect of the application of 249 lbs. could be observed. After the reversal of the magnetism by tapping the bar while under the influence of the vertical component of the earth's magnetic force, there was very little gradual change in the magnetization of the bar.
The seemingly anomalous effect obtained with the cobalt bar, when placed with its true north pole down, according to which the effect of the application of stress was to increase the magnetism of the bar, and of the removal of stress to diminish it, the magnet's length, instead of the actual half length, a somewhat nearer approximation to the value of A might have been obtained, but, as the approximation was at best a rough one on account of the size of the angle, it was not thought necessary to make this refinement.
was no doubt due to the magnetizing influence of the earth tending to reverse the retained magnetism of the bar. I t will be further investigated in a continuation of experiments on cobalt.
235. The effect of longitudinal stress on the magnetization of nickel when magnetized by a current flowing in a coil surrounding the bar formed the subject of the next series of investigations. The magnetizing coil was 54 centims. long, and consisted of six layers of silk-covered copper wire of No. 22 B.W .G., each layer forming a solenoid containing 10'7 turns per centim. The resistance of the coil when cool was 7*2 ohms, and the resistance of the electrodes *3 of an ohm. In this experiment the magneto meter was placed at a distance of 40 centims. from the axis of the bar, and on a level with its lower end ; and in order th a t the deflection due to the total magnetization of the bar might be conveniently measured, the directive force on the magnetometer needle was increased by placing behind it, in the magnetic meridian, a bar magnet, with its true north pole turned towards the north. As in the previous experiments with iron and steel, -M indicates th a t the electromagnetic field was opposite in polarity to th a t of the earth, and + M th a t its polarity was the same as th a t of the earth. The dead-beat galvanometer used in the experiments on the effects of trans verse stress on the magnetization of an iron tube was again employed to measure the strength of the magnetizing current.
236. The results of a series of these experiments are given in Table IV . I t will be seen from th at table th a t the effects of the application and removal of stress were respectively to diminish and to increase the induced magnetization, and that, as in the case of soft iron, this effect reached a maximum w ith a certain strength of mag netizing current, after which it slowly diminished. In this experiment the critical value of the magnetizing force corresponding to w hat has been called above, in the account of experiments in soft iron, the V i l l a i u critical value, was not reached.
ELECTRODYNAMIC QUALITIES OF METALS.
T a b l e IV .-Bar of W rought Nickel. 237. The preceding table shows that the effect of the application of pull was to diminish, and of the removal of pull to increase the magnetism of the bar, whether induced or residual; and that a series of these operations increased on the whole the magnetism induced by +M or -M, but diminished on the whole the residual magnetism after B. Further, as stated above, the effect of " on" or " off" on the induced magnetism of the bar increases up to a certain point, and then diminishes as the magnetizing force is increased from zero upwards; while, on the other hand, the effect of " on" or " off" on the residual magnetism goes on increasing as the residual magnetism is increased, and, as does also' the residual magnetism, approaches more and more to a certain constant value.
238. On account of the thickness of the bar, a large amount of wire was required to make a coil which would give a sufficiently powerful magnetizing force to reach or pass the critical value to which the magnetizing force seemed in the preceding experiments to approach. I t was found more convenient to continue th e experim ent w ith a smaller bar of nickel, kindly lent for the purpose by Professor Ta it . This (which was a square bar 45*7 centims. long and *30 centirn. thick) was placed w ithin a coil wound on a thin copper tube of ju s t sufficient internal diam eter to adm it the bar. The coil contained six layers of silk-covered copper wire, of No. 22 B.W .G., each layer forming a solenoid 42'7 centims. long, containing 10'7 tu rn s per centirn. The to tal resistance of the coil when cool was 4*33 ohms. The resistance of th e electrodes was, as before, •3 of an ohm. The m agnetom eter needle was in th is case placed on a level w ith the upper end of th e bar, and a t a distance of 25 centims. from th e axis of the bar, and of 108 centims. from th e scale of half millims. on which th e readings were observed. The stress was not applied by means of th e lever, b u t a w eight of 14 lbs. was placed on a pan attached to the bar. This pan, which weighed 1 lb., was left hanging on th e bar during th e whole experim ent.
239. In th eir general character th e results are precisely similar to those shown in Table IV . A maximum effect of 20 divisions was obtained when the m agnetizing force was 194 divisions of th e b a tte ry galvanom eter scale, or th a t due to about 4 cells. As the m agnetizing force was increased beyond this value th e effects obtained gradually diminished, and seemed to reach zero when th e m agnetizing force was about 1000 divisions, or th a t due to about 40 cells. The results a t this point could not, on account of variations of th e m agnetizing force due to heating of th e coil, be relied on as being accurate.
[N ote added Ju n e 4, 1879.-This result has not been confirmed by experiments lately made w ith improved apparatus in which th e effects of the heating of the m agnetizing coil, formerly a great source of trouble, were to a great extent prevented. No sign of a neu tral point was found, although b attery powers of from 5 to 79 tray cells w ere employed for the purpose of m agnetizing th e nickel bar, which was the actual bar formerly experim ented on.]
240. An experim ent was th en made to find w hether this critical value could, as in the case of the soft iron tube, be obtained w ith a smaller degree of m agnetizing force when th e m agnetom eter was placed on a level w ith a point between th e middle and end of th e bar. Accordingly, th e m agnetom eter was lowered 10 centims., and brought to a distance of 10 centims. from th e axis of th e bar. The scale was left in its former position, and th u s the distance of th e m irror from it was increased to 123 centims. The directive force on th e needle was also increased to 6*08 tim es th a t due to the horizontal component of th e earth 's magnetic force. The maximum effect of the application and removal of stress was obtained w ith a magnetizing force of 50 scale-divisions, or th a t due to 1 cell. And the critical value was found w ithout difficulty to be 428 divisions of th e b attery galvanometer scale, or the current due to 10 cells. Beyond th a t point th e effect of " on " and " off" were respectively to increase and to diminish the induced magnetization of the bar, the effect w ith 707 divisions, or 20 cells, being about 3 | divisions of the scale. 241. In this experiment the magnetizing coil described above ( §201) was employed. The total length of the wire (which was a piece of Messrs. J ohnson and Nephew's very soft iron wire, and cut from the same hank as that used in the former experiments) was 97 centims. As only the soldered fastenings of the wire projected beyond the ends of the coil, the magnetometer needle was placed on a level with the top of the coil, and at a distance from its axis of 25 centims., and the distance of the scale of the magnetometer from the mirror was 108 centims.
242. This experiment confirmed in all essential points the results obtained by the ballistic method in the experiments described above ( § § 200-212) . The effects of applying and removing a weight of 14 lbs. were respectively to increase and to diminish by 31 divisions the magnetism induced in the wire by the vertical component of the earth's magnetic force. The amount of this induced magnetism, when only the pan was hanging on the wire, was also 31 divisions. Hence the application and removal of the 14 lbs. alternately doubled, and reduced to its previous amount, the magneti zation induced by the earth's force.
When the magnetizing current was 4*25 divisions of the battery-galvanometer scale, the application and removal of pull produced no effect, thus showing that the influence of the earth's magnetizing force was exactly counterbalanced by that due to the current. The maximum effect of applying and removing stress was obtained when the magnetizing force was about 50 divisions (one cell gave 70 divisions). The V illari critical value was obtained with 215 divisions of magnetizing current, or 50 times the magnetizing force which balanced the influence of the earth's magnetic force. This is a much greater number than that obtained by the ballistic method; that it is so is no doubt due to the fact that the induction-coil then used was much shorter than the magnetizing coil, and was placed with the centre of its length coincident with that of the magnetizing coil. With the highest strength of current (567 divisions) the effect of " on" and " off" was 8'5 divisions, and the effects were, as in the former experiments, increasing very slowly.
243. The value in absolute units of the vertical component of the earth's magnetic force was calculated from the value of the magnetizing current which balanced it, and the total resistance of coil electrodes and battery, which were all measured for the purpose with great exactness. As before, the electromotive force of one tray cell was taken as one volt, or 108 on the C. G. S. system of units. The total resistance with one cell in circuit was 3'503 ohms, the number of turns per centimetre in the coil 19'628, and the fraction of the cell which gave a magnetizing force which just balanced the earth '0607 of that due to one cell. Hence we have vertical component 4tr x -0607 x 108 x 19-628 3-503 x 109 = '429, which must be very nearly its true value at Glasgow, 
